Aims: Native tissue second harmonic imaging (SHI) implemented in two-dimensional (2D) echocardiography was found to improve left ventricular (LV) endocardial border delineation. Dobutamine stress echocardiography (DSE) depends on the ability to adequately visualize these borders. We analysed whether SHI, compared to fundamental imaging (FI), can improve echogenicity qualitatively and quantitatively, as well as looking at the diagnostic accuracy of the stress test.
Introduction
It is well known that the diagnostic value of stress echocardiography depends on adequate visualization of the left ventricular (LV) walls. In contrast to other technological advances (automated border detection by acoustic quantification [1] , colour kinesis [2] as well as tissue Doppler echocardiography [3] ), that work best in easy to examine patients, native tissue second harmonic imaging (SHI) is supposed to reveal the highest benefit in patients with poor image quality. SHI is a novel echocardiographic technique that transmits ultrasound at one frequency and selectively receives at twice that frequency [4] . The initial intention of its development was enhancement of echos emitted by resonating microbubbles used in contrast echocardiography [5] . However, it has been realized recently that second harmonics are also produced with sound propagation in the tissue, termed native tissue SHI [4] . Potential artifacts, especially reverberations and wide sidelobes, occurring in the near-field may thereby be reduced. As the most frequent obstacles to endocardial delineation result from these problems, in principle, image resolution may be optimized and operator-dependency may be reduced by SHI [4] . Sometimes dynamic as well as dobutamine stress echocardiography (DSE) is not only limited or even impossible because of unsatisfactory echogenicity, but may also become cumbersome due to stress-induced worsening of image quality as well as challenges due to time and respiratory factors. Note that this had been the reason why stress echocardiography could not be clinically established in the 1970s and 1980s [6] . In about 15% of non-echogenic patients, DSE remains still completely undiagnostic [7] [8] [9] and in a considerable group of patients diagnostic accuracy is negatively influenced by lack of sufficient image resolution.
This study examines whether native tissue SHI has the potential to significantly reduce the limitations of fundamental imaging (FI) in endocardial visualization during DSE. In addition, we tested whether epicardial delineation is better using SHI rather than FI, allowing more confident interpretation of systolic thickening. SHI was systematically compared to FI at commonly established titration steps of DSE (rest, low and peak dose dobutamine, and recovery). We also analysed whether improvement of echogenicity is more obvious in traditionally difficult-to-image myocardial segments and regions. In a second step, variability in quantitative LV volumetry was compared to test if improved echogenicity of SHI enables more reliable quantitative DSE. Thirdly, sensitivity, specificity, and predictive values in the detection of significant coronary artery disease (CAD) were established for SHI and FI in DSE compared to quantitative coronary angiography.
Methods

Patients
Fifty consecutive unselected patients referred for DSE were recruited to the study (Table 1) . Ischaemia induction was the diagnostic goal. Indications consisted of clinical suspicion of CAD, suspicion of progression in known CAD (n=11, history of coronary artery bypass grafting [CABG] ; n=17, history of myocardial infarction [MI] ), or the evaluation of functional relevance of intermediate-severity coronary lesions (n=15, coronary diameter stenosis between 50 and 70% by angiography).
All patients underwent coronary angiography within 3 days before or after DSE. Echocardiographic examiners and readers were blinded to angiographic results. The mean age of the patients was 62·0 10·2 years (minimal and maximal age 37 and 80 years, respectively), of whom 10 were female. Inclusion in the study was independent of pre-test echogenicity. The mean body mass index was 27·2 2·9 kg/m 2 ( Table 1) . Three patients had a history of chronic obstructive lung disease. Anti-ischaemic medications were adequately withdrawn before the test (nitrates n=26; calcium channel blockers n=7; betablockers n=30). All patients gave their informed consent to the study the day before DSE, and the study complies with the Declaration of Helsinki.
Stress Echocardiographic Image Acquisition
Patients were investigated in the left lateral supine position. A standard protocol of DSE was used, including 3-min incremental stages of intravenous 5, 10, 20, 30 up to 40 g/kg body weight/min dobutamine and one to four times 0·25 mg atropine every minute applied by a second intravenous line during the highest dobutamine titration rate if the target heart rate ([220 age] 0·85/ min) was not achieved [10] . A 12-lead ECG was recorded continuously and blood pressure was measured automatically at every titration step of dobutamine with an external arm cuff. The ultrasound imaging system used (Aspen , Acuson, Mountain View/CA, U.S.A.) included the FI and native tissue SHI modality. The instrument fulfilled the requirements of a high frame rate (35-48 Hz), wide dynamic range (50-60 dB), narrow transmit spectrum, and a sharp receiver filter for optimal receiving and registration of the second harmonic signals. Receiver gain settings ranged from 10 to +10 dB. Both modalities, FI and SHI, were acquired with the same broadband transducer using an individually optimized frequency of 2·5, 3·0, 3·5, or 4·0 MHz, respectively, for FI, and a transmit and receiving frequency of 1·75 and 3·5 MHz for SHI, respectively. Depths and focus were adjusted to obtain an optimized LV cavity image with maximal uncluttered endocardial and epicardial definition. The usual four-scan views, i.e. the parasternal long and short axes as well as the apical four-and two-chamber views, were acquired. Fundamental and harmonic images were obtained in an alternating order at every dobutamine titration step. Particular care was taken to maintain the identical image planes between studies. One cineloop of one cardiac cycle pre-infusion (rest), low dose dobutamine (10 or 20 g/kg/min dependent on the visual assessment of the onset of an inotropic and/or chronotropic response), high dose dobutamine (40 g/kg/min and additional 0·25-1·0 mg atropine, dependent on the achievement of the target heart rate), and recovery period (decrease of heart rate <100/min) was digitally captured and stored on magneto-optical discs for later retrieval and analysis. One experienced investigator performed all the echocardiographic examinations. ID, number of patient identity; m/f, male/female; y, years; BSA, body surface area; LAD, left anterior descending artery; CX, circumflex branch; RCA, right coronary artery (stenosis percentages are given as maximal coronary luminal diameter reduction). Visual stenosis >50% was measured quantitatively (QCA). The suffix of the number corresponds to stenosis location (p=proximal, m=medial, d=distal). Significant stenoses are defined as a luminal diameter reduction of = >70% and not being located distally (d). History of coronary artery bypass grafting n=11, in n=3 one bypass graft was occluded (ID 8 RCA bypass, ID 34 CX bypass, ID 9 RCA bypass). DSE, dobutamine stress echocardiography; FI, fundamental imaging; SHI, second harmonic imaging; EVI, endocardial visualization index (0=uninterpret-able, 4=excellent; values are given for images at peak titration of dobutamine). DSE results in bold correlate to angio.
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Stress Echocardiographic Image Analyses Qualitative algorithm
Digitized cineloops of the different scan views were displayed in a quad screen format. The LV circumference was divided into 16 segments, as approved by the American Society of Echocardiography (ASE) [11] . Every segment was judged by a scoring system with respect to endocardial motion and systolic thickening: score 0 for uninterpretability (total lack of endocardial border definition), 1 for poor image quality, 2 and 3 for modest and good visualization, and 4 for excellent echogenicity comprising endo-and epicardial border delineation. For overlapping segments the highest score was taken. Segmental results were averaged for the anterior, lateral, posterior, inferior, septal, and anteroseptal regions. Observers were not blinded regarding whether a particular image was obtained in FI or SHI because the images are easily distinguishable for the experienced observer. The fundamental and harmonic images were not paired and were viewed on different days to avoid bias.
In analogy to the wall motion score index (WMSI) proposed for regional LV function analysis by the ASE [11] , an endocardial visualization index (EVI) was derived by the summation of all segment scores divided by the number of visualized and judged segments.
The examination was determined to be positive (pathological) if in at least 2/16 adjacent segments the wall motion score (1=normal, 2=hypokinetic, 3= akinetic, and 4=dyskinetic) deteriorated for at least one score. A deterioration from akinesia to dyskinesia was not regarded as pathological. Whenever possible (delineation of the epicardial border and the transmural myocardial tissue), interpretation of endocardial wall motion was supplemented by systolic wall thickening.
Quantitative algorithm
Quantitation was obtained from the digitized cineloops of the four-chamber view (1:20 compression by JPEG without any significant loss of image resolution). An integrated ultrasound workstation (DIMAQ , Acuson, Mountain View/CA, U.S.A.) was used. Adhering to the recommendations of the ASE [11] , end-diastolic frames were obtained at the beginning of the QRS complex of the simultaneously registered ECG and/or as the frame at or just before mitral leaflet closure. End-systole corresponded to the smallest endocardial silhouette of the LV cavity. The endocardium was traced manually excluding the papillary muscle and checked afterwards by slow motion mode. End-diastolic (EDV) and endsystolic volume (ESV) were calculated according to the disc summation method [10] [11] [12] . Ejection fraction (EF) was calculated as EDV-ESV/EDV. Measurements were performed in all cineloops stored at the four titration steps mentioned above, irrespective of image quality. Volumetric analyses were performed three times at different days by a skilled observer blinded against the patient's clinical and angiographic details.
Coronary Angiography
All study patients underwent coronary angiography within 3 days before or after DSE. Angiographic images were recorded and stored digitally (Acom , Siemens, Erlangen/Germany). Quantitative analysis of significant coronary artery stenosis judged visually by an expert was performed, resulting in values of percentage luminal diameter narrowing relative to a representative diameter of a proximal healthy coronary segment (Quantitative Coronary Angiography [QCA] [13] ; Quantor on Acom , Siemens, Erlangen/Germany). The highest value of the different projections (at least two orthogonal projections) was used for this particular study. A stenosis degree d70% diameter reduction was defined as a haemodynamically significant stenosis representing relevant CAD.
Statistical Analysis
Echogenicity scores for both imaging methods were averaged as means standard deviations (S.D.) within each combined category of stress stage and region. In each category, differences between the distribution of echogenicity scores under FI and SHI were evaluated by a Cochran-Mantel-Haenszel test for marginal homogeneity of the respective 5 5 table cross-classifying the echogenicity scores (0-4) under FI and SHI. Note that marginal homogeneity indicates no difference between the distribution of echogenicity scores. Comparisons of SHI and FI with respect to the criterion >3 segments not interpretable were calculated by the McNemars test.
Differences between the EVI under FI and SHI were evaluated by a Wilcoxon test for paired data. The data are presented as box-plots displaying medians, upper, and lower quartiles, as well as minimum and maximum.
We modelled LV volumes and EF, respectively, as a 24-dimensional outcome variable with the effects of imaging method, day of analysis, and stress stage. P-values refer to the MANOVA test for adjusted marginal differences due to the corresponding effects.
A P-value<0·05 was considered to be statistically significant.
In order to evaluate diagnostic accuracy, the test results were validated by coronary angiography. We estimated sensitivity, specificity as well as positive and negative predictive values with corresponding 95% confidence intervals. Agreement of DSE and angiography was quantified by the kappa coefficient.
All statistical analyses were performed with the statistical program SAS (Version 6·12, SAS Institute Inc, Cary/NC, U.S.A.).
including coronary angiographic and DSE findings. Significant CAD (d70% coronary stenosis) was disclosed in 29 patients (24, three, and two patients had single-, two-, and three-vessel disease, respectively; Table 1 ).
Dobutamine Stress Echocardiography
DSE with the FI-as well as with the SHI-technique could be performed in all patients intended for the test (n=50). The achieved mean dosis of dobutamine was 36·6 6·2 g/kg/min and atropine had to be added in 14 cases (mean dosis 0·57 0·32 mg). These agents increased pre-infusion heart rate of 70 12/min up to a maximal heart rate of 134 18/min (age-adjusted target heart rate of DSE: 135 9/min). Blood pressure rose from 131/78 19/14 mmHg to 170/80 30/18 mmHg. The maximal double product (systolic blood pressure heart rate) was 22653 4134 mmHg/min. Echocardiographic evidence of ischaemia was denoted in nine cases for FI and 12 for SHI. In 10 patients ischaemia was revealed by ECG and in nine by typical angina pectoris. No severe side-effects occurred. However, significant ventricular ectopy, including couplets and bigeminy, were seen in 12 cases, supraventricular tachycardia in one patient, severe arterial hypertension (>240/ 120 mmHg) in two, and arterial hypotension in three patients.
Qualitative Echogenicity Improvement
In comparison to FI, SHI resulted in stronger signals of the endocardial border. As the LV cavity appeared darker and the myocardium brighter, the signal-to-noise ratio was improved. In particular, the cluttering effects of the near-field were considerably reduced. Figure 1 demonstrates a quad screen example of DSE in FI (a) and in SHI (b) (patient no. 9). While in this case endocardial border definition at peak dose dobutamine titration is almost not possible in FI, SHI improved border delineation. The regional mean echogenicity scores are given in Figure 2 . The worst echogenicity was found for the anterior and lateral myocardial regions, followed by a sequential improvement of the posterior, inferior, septal, and anteroseptal region. In comparison to FI, there was a significant improvement of visualization of all regions by SHI. Note that the sequential order of absolute echogenicity scoring was similar for the relative extent of echogenicity improvement by the SHI modality (Fig. 2) . Percentage improvement of echogenicity scoring was 64% for the anterior, 55% for the lateral, 47% for the posterior, 36% for both the inferior and septal wall as well as 33% for the anteroseptal region, respectively. Thus, the poorer echocardiographic visualization was, the more extensively SHI improved it. However, well imaged regions in FI were also improved by SHI. These findings hold true for all analysed titration steps of the DSE protocol (rest, low-and high-dose, and recovery) (Fig. 2) . The number of patients with a score=0 (uninterpretable) in >3 segments was five (rest) and 11 (peak dobutamine) for SHI and 11 (rest) and 13 (peak dobutamine) for FI, respectively (P=0·014 for rest and NS for peak dobutamine, respectively). The number of examinations with stress-induced worsening of image quality (differences 'rest vs. peak dobutamine') was not reduced by SHI (NS).
The comparative (SHI vs. FI) median values with upper and lower quartiles as well as minimal and maximal values of the EVI are graphically illustrated as box-plots in Figure 3 
Quantitative Echogenicity Improvement
Mean variations of volumetric data are expressed as coefficients of variation (Fig. 4) . The differences between SHI and FI are significantly in favour of lower variabilities of SHI (P<0·0001 in all volumetric parameters). Confidence in these data is strengthened by nonsignificant differences in respect of intraobserver day-today variability (Fig. 4) . In comparison to EDV and EF, coefficients of variation for ESV are higher in both imaging modalities (Fig. 4) .
Diagnostic Accuracy
Sensitivity with respect to detecting significant coronary stenoses by DSE was found to be higher for SHI than for FI (80% vs. 60%; Table 2 ). Specificity and predictive values are in comparable ranges (Table 2) . However, 95% confidence intervals are considerable, and the small group of patients examined necessitates caution in interpreting these values ( Table 2 ). The kappa coefficients (95% confidence intervals) demonstrating the agreement between DSE and angiography were 0·651 (0·396-0·906) for SHI and 0·545 (0·248-0·843) for FI.
Discussion
Adequate delineation of LV endocardial (and epicardial) borders are a prerequisite of 2D echocardiography and especially stress echocardiography for accurate interpretation of regional LV function. In about 15% of stress echo patients this goal cannot be achieved due to limited image resolution [7] [8] [9] . As a consequence, data are usually limited to qualitative judgement [6, 9, [14] [15] [16] [17] [18] [19] . In addition, conventional echocardiography rarely allows confident distinction of epicardial borders.
Major Findings
The data of this study prove a clinically relevant potential of native tissue SHI in DSE. SHI significantly improved echogenicity of image loops at all titration steps of DSE in an unselected group of patients. Some clinical studies [7, 8, [20] [21] [22] [23] [24] [25] [26] [27] are already available on the issue of native tissue SHI. The physical background and principal mechanisms of the method are described elsewhere [4] . Most of the studies compared SHI with FI on rest 2D echocardiography [8, 20, 21, [24] [25] [26] [27] . One of the first publications [20] measured averaged endocardial grey values relative to sector mean grey values by a densitometric algorithm which expresses a quantitative measure of the image differences induced by SHI in comparison to FI. SHI resulted in brighter endocardium for enddiastole (P<0·0001) and for end-systole (P<0·001), respectively. So far, only a few other studies have been published on stress echo and SHI [7, [22] [23] [24] . However, these authors selected patients with limited echogenicity on resting echocardiography. Thus, their conclusions do not permit generalization in order to form recommendations for routine examinations. Furthermore, suitability on a resting echocardiogram cannot always predict suitability at peak stress when imaging becomes more challenging in many patients (tachycardia, extended heart motion in toto, hyperventilation; Fig. 1 ). Our stress echo data are the first to show echogenicity improvement by SHI in consecutive patients. In principle, native tissue SHI is advisable in every DSE test and should be potentially standardized. 
Qualitative Interpretation
In spite of continuous development and intense research work, stress echocardiography in clinical routine remains a method based on qualitative interpretation [6, 9, [14] [15] [16] [17] [18] . Methodological expertise is crucial to achieve diagnostic accuracy [15] . Also, standardized performance and interpretation is mandatory to minimize interobserver variability [14] . Nevertheless, further reduction of subjectivity and uncertainty about qualitative test results is needed, which may be achieved by better image resolution. Obviously, the significant improvement of regional mean echogenicity scores and EVI by SHI (Figs. 2 and 3 ) seems to fulfill this demand. Echogenicity differences of regions mirror traditionally well-known limitations of conventional echocardiography concerning myocardial regions scanned tangentially by the ultrasound beam, thereby limiting reflectivity [21] . In particular, the anterior and lateral regions revealed the worst scores, while the septal and anteroseptal regions had only minor echogenicity problems. Accordingly, in previous work [28] we found higher sensitivities for LAD stenoses (93%, corresponding to the septal and anteroseptal region), RCA stenoses (83%, corresponding to the inferior region), and CX stenoses (80%, corresponding to the lateral region) (which was additionally explained by the decreasing sizes of the perfusion territories in the given order). However, it turned out that the beneficial potential in imaging improvement by SHI increases as image quality is more impaired (predominantly anterior and lateral regions) which is in accordance with previous work on SHI [4, [20] [21] [22] . Others [25] demonstrated that native tissue SHI particularly enhances suboptimal echocardiographic images in the regions distal from the transducer (basal regions scanned from the apical view), which is in accordance with the propagation principle of SHI. However, our data also demonstrate a significant improvement in already well visualized regions by FI. Remarkably, these circumstances hold true for all titration steps of the DSE protocol, even for peak dose dobutamine. The comparability of image qualities at baseline and peak dobutamine infusion (FI and SHI) has been found also by others [22, 24] . Dobutamine-induced worsening of image qualities was not prevented by SHI.
Quantitative Interpretation
In principle, improved delineation of the whole continuity of LV endocardial border would also improve quantitative global and regional function analysis by tracing the borders [29] . Indeed, in this study the accuracy of LV endocardial planimetry was enhanced by SHI in comparison to FI, as demonstrated by significantly smaller coefficients of variation (EDV, ESV, and EF). The strength of these data is confirmed by the validity of this finding for all stress stages, and the exclusion of any significant day-to-day variabilities in both of the imaging techniques (Fig. 4) . Similar coefficients of variation for EDV were found in standard 2D echocardiography by Caidahl et al. [20] : 5·8 for SHI vs. 3·6 for FI (P<0·0001) (our data; 6·1 vs. 4·8, P<0·0001; Fig. 4) .
Improvement of endocardial visualization was particularly prominent in still frame images, which is essential for hand tracing of endocardial borders. Potentially, SHI might improve the basis for the application of techniques of automated LV border detection, such as acoustic quantification (based on ultrasound backscatter differences between tissue and blood [1] ). A study published by an experienced centre on acoustic quantification [24] reported a better rating of automated endocardial tracing in 67% and 58% in the short-axis and apical four-chamber views by SHI, respectively.
Diagnostic Accuracy
The sensitivity of DSE using FI was only 60% in this study and is in the lower range reported in the previous DSE literature (54-96%, on average 80% [9, [15] [16] [17] [18] [19] ). Besides the higher diagnostic challenge of relatively low-degree CAD (n=24 single-vessel disease, n=15 intermediate-severity coronary lesions), pre-existing wall motion abnormalities due to a history of MI (n=17) and a history of CABG (n=11), the reason for the low sensitivity of this particular study may be the relatively high threshold of test positivity (wall motion abnormality in at least two segments). However, the major reason was the unselective consecutive recruitment of patients. Patients with reduced image quality were also investigated in this group, who otherwise would have been excluded from DSE. In fact, n=11 (rest) and n=13 (peak dobutamine), respectively, had a difficult image quality (defined as >3/16 uninterpretable segments, i.e. score=0) in FI. Also, different image qualities within FI alone (before SHI had been introduced) could be shown to influence accuracy positively in patients with high quality and negatively in those with limited quality [30] . As sensitivity of DSE using native tissue SHI increases up to 80% (a value known from the DSE literature [9, [15] [16] [17] [18] [19] in selected patients) in our study group, native tissue SHI seems to allow application of DSE in unselected patients. In addition, considering the portion of patients with unpredictable loss of image quality induced by dobutamine infusion (n=39/50 in our patient group) native tissue SHI in any DSE examination seems recommendable. In another study [22] with selected recruitment of difficult-to-image patients, sensitivity could even be enhanced from 64% up to 92%. Specificity and predictive values were comparable between SHI and FI in our study, which is confirmed by other studies [22] . The imaging benefit of native tissue SHI has to be mainly attributed to a reduction of missed detection of ischaemia.
Study Limitations
Limiting factors of this study are those inherent in the method. Most important is the subjectivity in judging echogenicity scores and the EVI. However, the additional assessment of quantitative measurements of the LV cavity may overcome this problem. On the other hand, the relatively small study group demands caution when comparing diagnostic accuracy data.
The other methodological problem is the inability to randomize and blind echo images because the experienced observer clearly recognizes the characteristic grainy appearance of SHI in contrast to FI. However, the two imaging modalities were evaluated separately on different days (unpaired) without any knowledge of patients' clinical data, including coronary angiography.
Conclusions and Future Perspectives
The present study proves the significant benefit of LV endocardial and epicardial border delineation predominantly in badly imaged but to a lesser extent also in well imaged, myocardial regions throughout the whole DSE protocol by native tissue SHI. As these findings do not only apply for qualitative interpretation (segmental/ regional scoring), but also for quantitative LV endocardial border tracing, DSE might be developed a further step towards the highly demanding goal of objective testing. Potentially, automated border detection algorithms may be reasonably implemented in DSE. Sensitivity is increased in unselected patients by SHI, which indicates that SHI should be used in every DSE study.
